Purpose-Although historical trials have established the role of surgical resection followed by whole brain irradiation (WBRT) for brain metastases, WBRT has recently been shown to cause significant neurocognitive decline. Many practitioners have employed postoperative stereotactic radiosurgery (SRS) to tumor resection cavities to increase local control without causing significant neurocognitive sequelae. However, studies analyzing outcomes of large brain metastases treated with resection and postoperative SRS are lacking. Here we compare outcomes in patients with large brain metastases >4 cm to those with smaller metastases ≤4 cm treated with surgical resection followed by SRS to the resection cavity.
Introduction
Metastatic disease continues to represent the most common etiology for brain tumors, with more than 170,000 cases diagnosed per year. 1 The incidence of brain metastases has also been rising, in part because of improvements in systemic therapy for extracranial disease. 2 For patients with either symptomatic or large brain metastases, surgical resection has generally been the preferred initial treatment. Historical trials have established the role of postoperative whole brain irradiation (WBRT) to improve local and distant brain control. [3] [4] [5] Postoperative WBRT, however, does not improve overall survival (OS), 6 and with recent evidence demonstrating neurocognitive decline following WBRT, its use has been decreasing. [7] [8] [9] Several prospective phase 3 trials have evaluated the efficacy of stereotactic radiosurgery (SRS) to intact brain metastases, demonstrating excellent local control (LC). 3, 10, 11 This paradigm of focal irradiation has been subsequently applied to the postoperative resection cavity [12] [13] [14] to improve LC in efforts to avoid the neurocognitive sequelae seen with WBRT. 15 As such, many clinicians have extrapolated postoperative treatment techniques from data generated by intact-lesion SRS studies, which generally excluded enrollment of patients with metastases >3 to 4 cm. 3, 10, 11 Consequently, for those patients with brain metastases >4 cm, few data are available that predicts their outcome when treated with surgical resection and adjuvant radiosurgery. Without this information, practitioners may resort to WBRT even for patients with high performance statuses, fearing inadequate LC or excess toxicity when treating large resection cavities. Here, we retrospectively compare outcomes in patients with large brain metastases >4 cm with those with smaller tumors ≤4 cm treated with surgical resection followed by SRS to the resection cavity.
Methods and materials Patients
All patients treated in the Emory Healthcare system from 2006 through 2015 with a diagnosis of brain metastasis were analyzed with the Emory institutional review board approval. Only those patients treated with surgical resection of their metastatic intracranial disease followed by adjuvant SRS alone to the resection cavity were included for analysis. Patients treated with prior WBRT were not eligible. Radiosensitive histologies (ie, small-cell lung cancer, lymphoma, and germ cell) were excluded. resection, the extent of resection, date of radiosurgery, and radiosurgery parameters including radiation dose, the number of fractions, and planning tumor volume (PTV) margin were retrospectively reviewed. Patient's recursive partitioning analysis and graded prognostic assessment scores were calculated retrospectively based on chart review.
Treatment and follow-up
The decision for surgical resection was made by the treating neurosurgeon on the basis of tumor size, location, associated symptoms, and need for pathologic diagnosis. Neurosurgical resection was then performed by using standard technique; gross total resection of each lesion was achieved whenever possible.
Patients received postoperative SRS approximately 2 to 4 weeks following surgical resection. Patients were treated with LINAC-based radiosurgery, either framed or frameless. Patients were simulated using a computed tomography scan with either a thermoplastic head mask (for frameless cases), or a stereotactic headframe (for framed cases) placed by a neurosurgeon. The computed tomography simulation images were subsequently registered to the patient's brain magnetic resonance imaging (MRI), obtained within 14 days of radiation planning, using the Velocity registration software. Gross tumor volume (GTV) was delineated using MRI. The GTV was uniformly expanded to directly from the GTV without a clinical target volume margin. The PTV margin varied based on physician preference and whether stereotactic headframe was used. Six-megavolt photons were used. Treatment planning for frameless and framed radiosurgery used the Eclipse and Brainlab planning softwares, respectively.
Follow-up after treatment consisted of clinical examination and MRI of the brain with and without contrast 4 to 6 weeks after postoperative SRS; subsequent follow-up consisted clinical examination and MRI brain imaging every 3 to 4 months thereafter, unless clinically indicated at an earlier time point. Toxicity was retrospectively graded using the Common Terminology Criteria for Adverse Events, version 4.0.
Statistical analysis
Local recurrence (LR) was the primary outcome, defined as recurrence seen within the prior 80% isodose line on follow-up MRI at or near the resection cavity. LR was calculated using a competing-risk model, defined as the time from SRS treatment date to LR, death, or last imaging follow-up; death without LR was considered a competing event. The time to development of radiation necrosis was also calculated using the competing-risk model. All intracranial outcomes analyses were performed at the cavity/lesion level. Fine and Gray's method was used for multivariable analysis of competing risk endpoints.
Radiation necrosis was defined on the basis of 2 radiographic features: the development of contrast enhancing mass within prior radiation treatment fields and conventional imaging features, including soap bubble appearance. 16 If there was a question of the enhancement representing LR or radiation necrosis, additional advanced imaging (eg, magnetic resonance perfusion, magnetic resonance spectroscopy, brain positron emission tomography) was obtained and consensus was reached in a multidisciplinary neuro-oncology tumor board. In cases where additional imaging was still equivocal, surgical resection was performed. 
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For OS, death from any cause was defined as the event, and patients were censored at time of last known alive. OS was estimated by the Kaplan-Meier product-limit method; the logrank test was used to assess for differences between treatment groups. 17 Univariable and multivariable analysis (MVA) was performed using the Cox proportional hazards model.
Univariable and multivariable analysis for covariates were performed for LR, radiation necrosis, and OS. The variables found to have a P value of .1 or less on univariate analysis were then used in MVA. For those outcomes for which there were fewer than four variables with P values more significant than .1, the 4 variables with the most significant P values on univariate analysis were used in multivariable analysis. All statistical analyses were 2-sided, with P < .05 considered statistically significant. Statistical analysis was performed using the SAS 9.4 statistical software package.
Results

Baseline patient and treatment characteristics
From 2006 through 2015, 117 consecutive cases of resected brain metastases treated with postoperative radiosurgery were identified at our institution. Of these patients, 90 (77%) had preoperative tumors ≤4 cm and 27 (23%) had preoperative tumors >4 cm in greatest dimension. Baseline patient and tumor characteristics between these 2 groups are displayed in Table 1 . The median follow-up time was 24 months. The only significant baseline difference between these groups was a higher proportion of patients with gross total resection of their tumors in the ≤4 cm compared with the >4 cm cohort, 68 (76%) versus 13 (48%), respectively (P < .01). Also, as expected, the prescribed PTV volume in the >4 cm cohort was significantly larger than the ≤4 cm cohort, mean 33.7 mL (95% confidence interval [CI], 26.6-40.1) versus 18.6 mL (95% CI, 16.0-21.2) (P < .001), respectively. The mean GTV in the >4 cm cohort was also significantly larger as expected compared with the ≤4 cm cohort: 20.8 mL vs 11.1 mL (P < .001). No significant differences in treatment characteristics, including the prevalence of framed versus frameless radiosurgery, total prescribed dose, PTV margin, or the number of prescribed dose in the 2 cohorts were identified (all P > .05). The mean prescribed biologically effective dose at alpha/beta ratio of 10 (was significantly lower for the >4 cm cohort, 42.5 Gy vs 46.8 Gy, P = .007. The mean BED used at each fractionation regimen is summarized in Table 1 . 
LC
Radiation necrosis
The univariate associations of patient and tumor characteristics with development of radiation necrosis are listed in 
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Discussion
A main challenge of radiation therapy in treatment of brain metastases is the achievement of durable LC while limiting normal tissue toxicity. 18 The purpose of this study was to evaluate the efficacy of radiosurgery for resection cavities of large tumors. Our results demonstrate promising LC rates in resection cavities treated with postoperative SRS regardless of initial tumor size. Additionally, increased treatment volume size was not significantly associated with rates of radiation necrosis in our series.
Most recently, Mahajan et al reported the results of a single institutional prospective randomized trial evaluating the LC rates of resection of brain metastases following surgical resection followed by SRS versus observation at the 2016 American Society of Therapeutic Radiation Oncology annual meeting. 19 All patients on this study received single-fraction SRS, with doses based on volume (ie, <10mL, 16 Gy; 10.115 mL, 14 Gy; >15 mL, 12 Gy). When stratified by tumor size, their reported 1-year LC rates were significantly lower for those tumors >3.5 cm compared with ≤2.5 cm (46% vs 91%, P = .004). Similarly, Ballman et al also recently reported in abstract form the results of the N107C.CEC.3 study, comparing adjuvant SRS to WBRT in resected brain metastases. 15 These authors also report relatively poor 1-year LC rates of 55.6% in their entire SRS cohort, which was not stratified by size.
Our results appear different from these findings, as we found no difference in LC for our 2 size cohorts, and our 1-year LC rates was 84% for our >4 cm cohort. Our treatment approach differed in a few ways from these 2 studies. The mean PTV for our >4 cm cohort was 33.7 mL, and when these cavities were treated with single fraction SRS, doses of 15 to 18 Gy were prescribed. These prescription doses are higher than those of the MD Anderson and N107C.CEC.3 trial specifications of 12 Gy for >PTV 15 mL and PTV ≥30 mL, respectively. 20 It may be that our relative dose escalation may allow for increased LC. Additionally, in our series, 48% of patients in the >4 cm cohort were treated with hypofractionated SRS, 21 and Minitti et al report that for resection cavities >2.0 cm, LC may be higher with hypofractionated radiation compared with single-fraction SRS. 22 PTV margins may also be an important factor for LC. The Stanford group demonstrated that 2 mm margin added to resection cavities resulted in improved LC compared with 0 mm margin. 23 Since the publication of this study, our practice has changed from 1 mm margin to >2 mm margin, and the most common PTV margin used in our series was 2 mm. In the trial conducted at MD Anderson, the PTV margin was 1 mm. 22 It is possible that this difference in margin may affect LC, although there remains no randomized evidence available describing the ideal PTV margin that would optimize LC and minimize toxicity.
Although the MD Anderson and N107C.CEC.3 studies stratified preresection tumors by <3 or ≥3 cm, the inclusion of large resection cavities were altogether limited given their exclusion criteria of resection cavities >4 cm and 5 cm, respectively. 15, 22 Accordingly, many of the patients in our >4 cm cohort may have resection cavities too large for enrollment for these trials, given previous authors' concerns with decreased LC rates in these resection cavities. Our series suggests that even these larger resection cavities have promising LC rates 
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This study has several limitations generally associated with retrospective studies. There may exist selection bias for more favorable patients with large resection cavities to be treated at our institution; however, the baseline characteristics in our series do not demonstrate measurable differences in the wide array of patient and disease characteristics known to affect treatment outcomes. Additionally, because of the rarity of SRS treatment to large tumor resection cavities, only 27 patients in our series had preresection cavities >4 cm. Despite our small patient cohort size, this is the only report to our knowledge that compares LC outcomes in tumors ≥4 cm. Strengths of this study include homogenous patient treatment methods and the use of cumulative incidence with death as a competing risk to more accurately estimate event rates in this setting where death without the event can be common. Our study reports 3-dimensional volumetric data over 2-dimensional axial measurements because volumetric measurements more accurately represents treatment volume and resection cavities generally lose their spherical shape following resection. 24 We published the preoperative tumor measurements so that the findings of this study can be used in multidisciplinary decision-making at which time the tumor has not undergone resection.
We have also published the postoperative PTVs as this information more directly corresponds to rates of LC and toxicity. 25 We believe the preoperative and postoperative tumor characteristics are complementary and both should be considered in treatment planning.
In summary, our series suggests that postoperative SRS alone to resection cavities from brain metastases >4 cm is a viable strategy with promising LC rates and acceptable toxicity.
We believe that these data may be useful in treatment decision making for these patients as an alternative to whole brain irradiation. Additionally, patients with resection cavities from large metastases may be safely included in future prospective trials, particularly in those using hypofractionated SRS. Cumulative incidence model for local recurrence for lesions ≤4 cm and lesions >4 cm. Parentheses indicate the 95% confidence interval. See Table 1 for abbreviations.
